The role of glia in suppressing neuronal cell death was investigated in the visual system of the Drosophila mutant, reversed polarity (repo). The repo locus encodes a glial-specific homeodomain protein expressed in the optic lobes. Here, we show that survival of the laminar neurons in the optic lobe depends on repo expression in the laminar glia, indicating that the laminar glia supply factors required for neuronal survival. The repo glia also underwent cell death, suggesting that the laminar neurons are required for survival of the glia or that repo expression is required to suppress an intrinsic cell suicide program. Subsequent to the laminar cell death, the retinal cells in the repo visual system also degenerated, indicating that the retinal cell death was due to retrograde degeneration.
Introduction
During development of metazcan organisms, extra cells are produced and subsequently removed through programmed cell death (PCD; reviewed in Collins and LopesRivas, 1993; Williams and Smith, 1993; Martin et al., 1994) . The normal elimination of many of these surplus cells might be due to a limiting supply of survival factors produced by other cells. It has been proposed that many and possibly most vertebrate cells are programmed to die unless they receive signals from other cells not to do so (Raft, 1992) . Thus, PCD might be the default pathway in the absence of extrinsic signals.
In the vertebrate nervous system, cell-cell signaling appears to be a common mechanism regulating cell survival (reviewed in Raft et al., 1993) . Many types of neurons and glia are overproduced, and up to 50% are eliminated by PCD. The deaths of many of the neurons are due to retrograde degeneration, a process in which there is a failure to innervate target cells and receive the necessary neurotrophic factors produced by the target cells (reviewed in Cowan, 1970; Oppenheim, 1989; Barde, 1989; Raft et al., 1993) . Other neurons die as a result of an anterograde degeneration in which the target cells require signals from the neurons that innervate them (reviewed in Cowan, 1970; Oppenheim, 1989; Barde, 1989; Raff et al., 1993) . Survival factors expressed in glial cells also appear to prevent the death of certain neurons. Ciliary neurotrophic factor (CNTF), which is produced by a subpopulation of glial cells, plays a role in preventing motor neuron degeneration (Masu et al., 1993) . In addition to a role for glia in suppressing PCD in neurons, the survival of glia can also be influenced by factors in other cells. CNTF not only plays a role in neuronal survival but has also been shown to promote the survival of oligodendrocytes (Louis et al., 1993) . Oligodendrocytes and O-2A progenitor cells, which can develop into oligodendrocytes or type 2 astrocytes, depend on insulin-like growth factors, neurotrophins, and other factors to escape PCD (Barres et al., 1992 . Recently, it has been found that cell death of Schwann cell precursors is inhibited by a factor in neurons (Jessen et al., 1994) .
In the fruifly, Drosophila melanogaster, the evidence that glia play a role in normal neuronal survival is limited to analyses of the drop dead mutant (Buchan an and Benzer, 1993) . Mosaic analyses indicate that the drop dead gene product is non-cell autonomous and that the morphology of the glial cells in the mutant brain is abnormal before the onset of neuronal degeneration (Hotta and Benzer, 1972; Buchanan and Benzer, 1993) . These results suggest that a glial function might be required for neuronal survival.
There have been several reports of anterograde degeneration in the Drosophila nervous system. For example, reduction or elimination of the compound eyes results in degeneration of the optic lobes (Fischbach, 1983; Fischbach and Technau, 1984) . However, the only indication of retrograde degeneration in the invertebrate nervous system to date has been the demonstration that, in the visual system of the disconnected mutant, photoreceptor cells degenerate as a consequence of loss of retinal connections in the optic lobes (Campos et al., 1992) .
The reversed polarity (repo) locus encodes a glialspecific homeodomain protein (Xiong et al., 1994; Campbell et al., 1994) required for terminal differentiation of glia in the Drosophila visual system (Xiong et al., 1994) . repo is not expressed in the retina but in the laminar and medullar portions of the optic lobes (Xiong et al., 1994) . Here, we report that the neurons in the laminar region of the repo optic lobe (L neurons) underwent cell death, indicating that the laminar glia (L glia) expressed one or more factors essential for neuronal survival. We also found that the repo photoreceptor cells degenerated following cell death of the laminar cells. This retinal degeneration in repo appeared to be due to retrograde degeneration.
Results

repo 7 Adults Display an Age-Dependent ERG Phenotype
The repo T mutant was originally identified on the basis of displaying an electroretinogram (ERG) phenotype described below (Xiong et al., 1994 ). An ERG recording is an extracellularly recorded, light-evoked mass response of the eye. In wild-type flies, the ERG consists of a cornealnegative sustained component and two transient components, on-and oft-transients, which are coincident with the initiation and termination of the light stimulus ( 1A). The sustained component is due primarily to the lightinduced response in the retina; the on-and off-transients emanate from activity postsynaptic to the photoreceptor cells in the laminar portion of the optic lobe (Heisenberg, 1971; Coombe, 1986) . The waveform of the wild-type ERG does not change with the age of the fly and is indistinguishable in 1-and 14-day-old adults ( Figures 1A and 1C) . We previously showed that repo ~ flies displayed an ERG of reversed polarity (Figure 1 B ; Xiong et al., 1994) . These ERGs were all performed on adults less than 7 days posteclosion, and the reversed polarity phenotype was observed with 100% penetrance (Xiong et al., 1994) . In subsequent analyses of older repo ~ flies, we found that some flies showed a corneal-negative rather than a cornealpositive sustained component. Among 7-to 10-day-old flies, 60% showed an ERG that was corneal-positive and 40% displayed corneal-negative ERGs (data not shown). By 7-10 days posteclosion, only 30% of the repo ~ flies displayed a corneal-positive ERG (data not shown). After day 14, repo ~ flies elicited corneal-negative ERGs devoid of on-and off-transients with 100% penetrance (Figure  1 D) . However, the amplitude of the corneal-negative ERGs was reduced relative to wild type.
Age-Dependent Morphological Defects in the repo ~ Lamina To determine whether the age-dependent repo ~ ERG phenotype is associated with age-dependent morphological alterations, we examined the adult wild-type and repo ~ visual systems at various times posteclosion. The retinal layer consists of approximately 750-800 repeat units, ommatidia, each of which contains 20 cells including 8 photoreceptor cells. In the wild-type visual system, the axonal projections of the 6 outer photoreceptor cells (R1-R6) terminate in the laminar portion of the optic lobe, which lies directly beneath the retina (Figure 2A ). The lamina consists of an outer cortex containing neuronal cell bodies and a neuropil containing an orderly array of axons and synapses (plexiform layer; Figure 2C ). The R7 and R8 cells, which occupy the central distal and proximal regions of each ommatidia, respectively, extend axons that pass through the lamina and terminate in the medulla, a portion of the optic lobe situated medial to the laminar layer (Figure 2A) .
Though the morphology of the wild-type visual system does not change with age, we found that the laminar layer of repo ~ flies exhibited abnormalities that became more pronounced in older flies. In young repo ~ adults (2 days posteclosion), the number of cell bodies labeled with hematoxylin was similar to that in wild type; however, the inner synaptic neuropil was disordered ( Figure 2D ) compared with the wild-type lamina. In addition, the nuclei of the glial cells did not form a regular row as they did in wild type ( Figure 2D ). In 7-day-old repo ~ flies, the number of cells in the lamina was reduced, and the spatial distribution of the cell bodies was abnormal ( Figure 2E ). By 14 days posteclosion, most (50%-100%) of the cell bodies in the repo ~ lamina had disappeared, and numerous empty vesicles were detected ( Figure 2F ). In the medullar layer, no empty vesicles were observed, and the number of cells appeared similar to that in wild type; however, the medulla was rotated 45°-90 ° about the dorsal-ventral axis relative to wild type. As a result, the medullar transverse fibers (Meyerowitz and Kankel, 1978) were nearly parallel, rather than perpendicular to the ommatidial columns in the retinal layer (Figures 2A and 2B ).
Neuronal Degeneration in the repo 7 Lamina
The results described above indicate that both neurons and gila were affected in the repo 1 lamina, since most and sometimes all laminar cells disappeared in 14-day-old repo I flies. Additional evidence that there were defects in the repo ~ L neurons was obtained through examination of the neurons in the repo ~ lamina by transmission electron microscropy. In wild-type late pupae, the neurons were uniform in size and distribution ( Figure 3A ). This was in contrast to the neurons from repo ~ pupae, in which greater than 50% were variable in size and shape and displayed an irregular spatial distribution ( Figure 3B ). At 24 hr post- Wild-type visual system (w "la, 14 days old); (B) repo 1 visual system (2 days old); (C) w 7"8 lamina (14 days old); (D-F) repo 7 laminar sections from 2-, 7-, and 14-day-old flies, respectively. The arrowheads in (A) and (B) indicate a medullar structure, the medullar transverse fibers (Meyerowitz and Kankel, 1978) , rotated nearly 90 ° in repoL Arrows in (C) and (D) indicate some of the laminar glial nuclei (closed) and laminar plexiform layers (open). The arrow in (F) indicates one of the vesicles. LA, lamina; ME, medulla; RE, retina.
eclosion, most of the neurons in the r e p o ~ lamina grouped together and were also variable in size and shape ( Figure  3D ), rather than displaying the more uniform spatial distribution and morphology typical of wild type ( Figure 3C ). In addition, many empty vesicles were detected in the r e p o ~ lamina ( Figure 3D ), and the axon cartridges were severely reduced. As described above, many vesicles were observed in the lamina of 14-day-old r e p o ~ flies ( Figure 2F ). At this time, most (50%-100%) of the neurons had disappeared and could not be detected.
Retinal Degeneration Proceeds the Laminar Cell Death in repo 1
To determine whether degeneration of the r e p o ~ lamina leads to retinal degeneration, we stained longitudinal sections of r e p o ~ heads with a photoreceptor cell-specific marker antibody, aZB551 (Montell and Rubin, 1988) . In the wild-type retina, all the photoreceptor cells stained with ~ZB551 across their entire length ( Figure 4A ). This pattern of staining did not vary with the age of the wild-type flies (data not shown). Photoreceptor cells from 1-day-old r e p o ~ flies were also labeled with ~ZB551 from the distal to proximal ends ( Figure 4B ). However, aZB551 staining was markedly reduced in the proximal region of the retina in 7-day-old r e p o ~ flies ( Figure 4C ). In 14-day-old r e p o ~ flies, only the most distal region of the retina was labeled with (~ZB551 (Figure 4D ). None of the r e p o ~ eyes examined were completely devoid of (~ZB551 staining. These results suggested that there might have been age-dependent retinal degeneration in the r e p o ~ retina and that the degeneration proceeded from the proximal region of the retina. To confirm that there was retinal degeneration and that the degeneration was most severe in the proximal region of the retina, we examined cross-sections at both distal and proximal cell layers in t h e r e p o ~ retina. In each ommatidium, 6 of the photoreceptor cells, R1-R6, extend the full depth of the ommatidia and contain rhabdomeres, which are the microvillar portion of the plasma membrane, positioned along the periphery of the ommatidia. The rhabdomeres of the R7 and R8 photoreceptor cells occupy 5A and 5B). In 1-day-old r e p o I ommatidia, 7 photoreceptor cells were present in all ommatidia in the distal layer and nearly all ommatidia in the proximal layer (data not shown). By 7 days posteclosion, the shape of the rhabdomeres in the central distal region of the r e p o 1 retina was distorted, and some rhabdomeres were split ( Figures 5C and 5E ). Most ommatidia in the central proximal region of 7-day-old r e p o ~ retina contained a single rhabdomere corresponding to a photoreceptor cell of unknown identity ( Figures 5D and 5F ). However, some ommatidia contained a full complement of 7 photoreceptor cells ( Figure 5D ). In the lateral regions of the retina, most of the ommatidia contained 7 photoreceptor cells in both the distal and proximal layers (data not shown). 
E F Laminar Neurons and Gila Exhibited Features of Apoptosis
To determine whether the lamina neurons in r e p o ~ undergo necrosis or apoptosis, we examined the r e p o I lamina for morphological features typical of apoptotic cells. The principal morphological features of apoptotic cells include shrinkage of the nucleus and cytoplasm, in contrast to necrotic cells, which tend to swell before lysing (Kerr et al., 1972) . However, there is variability in the apoptotic features displayed by cells undergoing PCD, even in the same organism (Raft, 1992) . We examined the L neurons from wild type and r e p o ~ during the late pupal period, since by this stage some alterations in laminar morphology were detected as noted above. Although the morphology of the wild-type L neurons from wild-type pupae was uniform, there was variability among the r e p o ~ L neurons. Greater than 50% of the r e p o ~ L neurons contained large electrondense regions in the nucleus (Figure 6 ). Electron-dense or-condensed nuclear regions are a hallmark of apoptotic cells, and none of the wild-type nuclei contained electrondense regions of similar size. The laminar glia in r e p o ~ flies also displayed morphological features typical of cells undergoing apoptosis. The wild-type and r e p o ~ glia were identified by their electron density, which is greater than that of surrounding neurons, by their nuclear morphology, by their elongated processes, and by their position in the lamina as previously described (Trujillo-Cenoz and Mekamed, 1973; Saint Marie and Carlson, 1983; Carlson and Sainte Marie, 1990; Buchanan and Benzer, 1993) . In wild-type flies, these include the subretinal glia ( Figure 7A ), located near the boundary between the lamina and retina, and the satellite and epithelial glia, situated near the distal surface of the lamina neuropil ( Figures 7C and 7E) . The general properties of these glial cells include electron-dense nuclei, extensive arrays of electron-dense cytoplasmic processes, and close apposition to adjacent neuronal tissue. In r e p o 1, the glial defects during the late pupal stage were subtle; however, the basement membrane was severely disrupted ( Figure 7B ). In newly emerged r e p o ~ flies, more severe defects indicative of apoptosis, such as shrinkage of the nucleus and cytoplasm and greater nuclear electron density, were observed among virtually all laminar gila ( Figures 7D and 7F) .
DNA fragmentation, owing to activation of an endogenous endonuclease, is another feature frequently observed among apoptotic cells (Wyllie, 1980; Cohen and Duke, 1984; Kokileva, 1989; Arends et al., 1990) . To determine whether cells in the r e p o ~ visual system contain fragmented DNA, we used a modification of the TUNEL technique to end-label DNA on sections of wild-type and r e p o ~ late pupal heads (Gavrieli et al., 1992; Thiry, 1992; see Experimental Procedures) . In contrast to the wild-type visual system, which showed virtually no labeling ( Figure  8A ), many nuclei in the r e p o ~ visual system, including the retina and lamina, contained labeled DNA ( Figure 8B ). 
Discussion
Gila Are Required to Prevent Neuronal Cell Death
Glial cells in vertebrates appear to have many roles, including axon pathfinding, electrical insulation, ionic homeostasis, mechanical support, neuronal proliferation, and neuronal survival (reviewed in Roitbak, 1983; Vernadakis, 1988; Fawcett and Keynes, 1990; Barres, 1991; Hatten et al., 1991; Stitt et al., 1991) . Although it is likely that gila perform many of the same roles in Drosophila, the functions have not been as well documented as in vertebrates. However, previous studies indicate that Drosophila glia play roles in axon pathfinding, electrical insulation, and negative regulation of neuron proliferation (Bastiani and Goodman, 1986; Jacobs and Goodman, 1989; Fredieu and Mahowald, 1989; Carlson and Sainte Marie, 1990; Ebens et al., 1993) . In addition, recent studies of repo ~ provided additional evidence that gila function in electrical insulation and possibly K + buffering in the lamina (Xiong et al., 1994) . To investigate whether gila in Drosophila share additional roles demonstrated in vertebrates, we further characterized the phenotype of the repo ~ in the adult visual system.
The survival of some neurons in the vertebrate nervous system has been shown to require factors released from glial cells (Masu et al., 1993 ). An indication that gila play a similar role in the Drosophila nervous system was obtained by the observation that, in the drop d e a d mutant, morphological alterations in the gila appeared to precede neuronal degeneration (Buchanan and Benzer, 1993) . The previous findings that repo is expressed specifically in gila and that there is a defect in terminal glial cell differentiation have facilitated using repo ~ flies to address further the requirement for gila in preventing neuronal degeneration (Xiong et al., 1994) . We found that the L neurons in the repo ~ visual system underwent cell death. Since repo is expressed specifically in gila, this provided strong evidence that the L glia supply one or more factors necessary for neuronal survival. The r e p o 1 L neurons appear to have undergone PCD, since they showed some features typical of apoptotic cells rather than necrotic cells. Survival factors, such as CNTF, are known to be released from glial cells in vertebrate systems and are required to prevent degeneration of some neurons (Masu et al., 1993) . Similar survival factors may be released from certain Drosophila gila.
In the medullar portion of the repo 1 optic lobe, significantly less cell death was detected than in the lamina. However, there was a 45o-90 ° rotation of the medulla relative to the lamina and retina. This rotation might have been due to a requirement for the medullar gila to provide mechanical support. The medullar gila responsible for providing the mechanical support were probably the surfaceassociated gila, situated at the medullar boundary, or the cortex-associated gila, which lie near the cortex between the neuronal cell bodies, since the morphology of both of these gila, but not the axon-associated gila, were abnormal in repo ~ (data not shown). The morphological defects in the surface-and cortex-associated gila were subtle during pupal development and became more severe in adults.
repo Expression Is Required for Survival of Glial Cells in the Lamina Several lines of evidence indicate that the glial cells in the repo ~ lamina initiate the differentiation pathway but do not terminally differentiate, and subsequently undergo cell death in the adult. In wild type, the L gila begin to differentiate during the third instar larval stage and mature during the pupal stage (Winberg et al., 1992) . During the third instar larval period, the repo 7 L gila appear to have acquired some of the features of gila, since there is no significant deviation from wild type in the pattern or number of glial cells labeled by the repo l a c Z enhancer trap or another glial marker, 3-109, in repo ~ (Xiong et al., 1994) . However, another glial marker, anti-ORTHODENTICLE, did not stain the 3-109-positive cells in the repo ~ L gila, indicating that the gila did not terminally differentiate (Xiong et al., 1994) . In repo ~ adults, the morphological analysis described in the current report indicated that the L gila underwent cell death. The cell death of L glia occurred concomitant with the degeneration of the L neurons, suggesting that the L neurons might release a factor required for survival of the L glia. The r e p o 1 L glia might have required extrinsic factors to prevent initiation of PCD in a manner analogous to the requirement of Schwann cell precursors for neuronal factors and of O-2A progenitor cells and oligodendrocytes for factors from other cells (Barres et al., 1992 Louis et al., 1993; Jessen et al., 1994) . Thus, it is possible that the L glia and L neurons mutually repress cell death by releasing factors necessary for survival of the ottler cell type. Alternatively, the degeneration of the repo 1 L gila may have occurred owing to a missing intrinsic suppressor of PCD as a result of failure of the L glia to differentiate terminally.
Lamina Appears to Be Required for Photoreceptor Cell Survival
Following the onset of degeneration of the L gila and L neurons, the retinal layer began to degenerate. The degeneration initially appeared in the most proximal region of the retina directly above the lamina and proceeded distally. Since r e p o is not expressed in the retina and since the retinal cell death proceeded the laminar degeneration, this indicated that there were one or more retrograde factors produced by either the L neurons or L gila required A B Figure 8 . Detection of DNA Fragmentation In Situ Cryosections (10 p.m) of wild-type (A) and repo ~ (B) heads (late pupal stage). Fragmented nuclear DNA was labeled with digoxigenin-dUTP using terminal deoxynucleotidyl transferase and then detected by staining with anti-digoxigenin-peroxidase followed by incubation with the diaminobenzidine substrate. The left and right arrows in (B) indicate stained photoreceptor cell and laminar cell nuclei, respectively, in repo 1. la, lamina; re, retina.
for retinal survival. The single cells remaining in many of the degenerated repo ~ ommatidia might have been R8 cells, since the R8 axons terminate in the medulla, which did not display extensive cell death. Many instances of anterograde and retrograde transneuronal degeneration, both during and after neural differentiation is completed, have been described in vertebrates (reviewed in Cowan, 1970; Oppenheim, 1989; Barde, 1989; Raff et al., 1993) . In addition, several examples of anterograde degeneration have been reported in the Drosophilavisual system (Fischbach, 1983; Fischbach and Technau, 1984) . However, previous to the current study, the only report of retrograde degeneration in Drosophila was in the disconnected mutant (Campos et al., 1992) .
Age-Dependent r e p o 1 ERG Phenotype May Be Due to Laminar Degeneration
Young repo ~ flies displayed a corneal-positive ERG, and old repo ~ flies displayed a corneal-negative ERG of reduced amplitude. Therefore, the ERG elicited from old repo ~ flies displayed greater similarity to wild type than that from young repo ~ flies. This apparent conundrum is likely to be due to the degeneration of the lamina. ERGs from wild-type flies measure principally the light response of the retinal cells and are corneal-negative. The response of the second order cells in the lamina to light is corneal positive (Shaw, 1975; Stephenson and Pak, 1980) . However, the contribution of the laminar response to the wildtype ERG is relatively minor. We have previously proposed that the repo 1 corneal-positive ERG was due to combined defects in electrical insulation and K ÷ buffering (Xiong et al., 1994) . In the absence of the normal insulation, owing to defects in terminal differentiation of the cortical glia in the repo I lamina, the ERG would measure the summation of the corneal-negative retinal potential and the laminar potential, which is of opposite polarity. In the wild-type visual system, the amplitudes of the retinal and laminar responses are similar. However, in the repo ~ lamina, the amplitude appears to be considerably larger than in wild type, possibly owing to a defect in K ÷ buffering by the defective repo 1 L glia (Xiong et al., 1994) . Thus, the combined retinal and laminar responses in young repo ~ flies could result in a corneal-positive ERG. The cornealnegative ERG in old repo ~ flies might be due to the degeneration of lamina, resulting in a repo ~ ERG that principally measures the retinal response. Additional evidence that there was little if any laminar response was that the onand off-transients, which emanate from laminar activity (Heisenberg, 1971; Coombe, 1986) , were not detected in the repo ~ corneal-negative ERG. The reduced amplitude of the corneal-negative ERG might be a consequence of the significant but incomplete degeneration of the retina. Thus, the ERG phenotype in 14-day-old repo ~ flies was consistent with the observations that in old repo ~ adults the lamina was nearly completely degenerated, while the retina was only partially degenerated.
Cell Death May Be the Default Pathway in the Drosophila Visual System
The regulation of cell survival in the visual system appears to be under separate genetic control from PCD during development, since separate loci have been identified affecting each of these two processes. During development of the Drosophila eye, extra cells are produced that are subsequently removed by cell death (Cagan and Ready, 1989) . Two mutants have been identified, roughest and echinus, which are required for the elimination of these extra cells, providing strong genetic evidence that the removal of these surplus cells is programmed (Wolff and Ready, 1991) , The roughest and echinus loci are required primarily in the visual system, unlike the recently described reaper locus, which appears to be generally required for most PCD in Drosophila (White et al., 1994) .
Much of the PCD occurring during development of the Drosophila nervous system appears to be regulated noncell autonomously. Treatment of flies with the steroid hormone 20-hydroxyecdysone prevents the normal elimination of approximately 300 neurons that typically degenerate after emergence of flies from the pupal case (Robinow et al., 1993) . Additional support for cell-cell interactions in Drosophila neural PCD is provided by the demonstration that the roughest gene encodes a new member of the immunoglobulin-like superfamily with four extracellular immunoglobulin repeats and a large intraceilular domain (Ramos et al., 1993) . This suggests that roughest might be a cell adhesion molecule and/or a receptor molecule.
Although PCD during development has received more attention than the control of cell survival, th is latter process may be equally important. It has been suggested that most cells in the vertebrate nervous system may be programmed to die unless they receive survival signals from other cells (Raft, 1992) . The extensive degeneration in the repo ~ L neurons and retina, despite the absence of repo expression in these cells, suggests that cell death might be the default pathway in the Drosophila visual system as well. The cell death in the repo ~ lamina appeared to be due to apoptosis rather than necrosis, since the laminar cells exhibited DNA fragmentation as well as morphological features of apoptosis.
Additional evidence that PCD might be the default pathway in the Drosphila visual system comes from analyses of mutations in several Drosophila loci, other than repo and disconnected, which have been shown to lead to ectopic cell deaths. Loss of eyes absent function results in the death of progenitor cells during eye development and elimination of most of the adult eye (Bonini et al., 1993) . Extensive anterograde degeneration also appears to be responsible for the cell death in the optic lobes in sine oculus (Fischbach and Technau, 1984) . These data support the proposal that cell survival, in addition to PCD, is under genetic control during development.
Experimental Procedures
Fly Stock repor is a homozygous viable allele of repo identified on the basis of displaying a corneal-positive ERG phenotype (Xiong et al., 1994) . Electrophysiology ERG recordings were performed by inserting glass electrodes, filled with Ringer's solution, into small drops of electrode cream placed on the surface of the compound eye and thorax as previously described (Porter et al,, 1992) . immunocytochemistry Antibody staining with QZB551 (Monte~l and Rubin, 1988) was performed on 10 p.m frozen sections by fixing in 4% formaldehyde for 45 min and staining overnight with the rabbit polyclonal ~ZB551 antiserum affinity-purified as described (Pollard, 1984) (1:10 dilution) and a fluorescene-conjugated anti-rabbit secondary antibody (1:200 dilution).
Histology
Ultrathin longitudinal and tangential sections of wild-type and repo ~ heads were prepared for examination by transmission electron microscopy by fixation in paraformaldehyde, gluteraldehyde, and sodium cacodylate, postfixation in osmium tetroxide, dehydration in an ethanol series, and embedding in Spurr's medium as described (Porter et al., 1992) .
To perform the hernatoxylin and eosin staining, fly heads were embedded in L.R. White as previously described (Porter and Montell, 1993) , and 5 p.m longitudinal sections were rehydrated for 1 min each in 100% ethanol (two times) and then once in 90%, 700/0, and 50% ethanol. The samples were then incubated in 1 x TAE (electrophoresJs buffer) and for 3-10 min in hematoxalin (Sigma MHS-16), rinsed for 10 min in running tap water, transferred to 70% ethanol for 30 s, stained for 3-6 s in eosin, and destained and dehydrated for 30 s each in 70% ethanol (one change), 95% ethanol (three changes), and 100% ethanol (three changes).
Detection of Fragmented DNA In Situ
Late stage w1"8; repo ~ and w ~118 pupae were dissected from the pupal cases, and the heads were frozen in O.C.T. compound (Tissue-tek, Miles Inc., Elkhart, IN). Sections (10 p.m) were then fixed in 10% neutral buffered formalin, labeled in situ with digoxigenin-dUTP using terminal deoxynucleotidyl transferase, stained with anti-digoxigenin-peroxidase, and then incubated in the diaminobenzidine substrate all as described (ApopTag in situ apoptosis detection kit-peroxidase, Oncor, Gaithersburg, MD), except that the substrate incubation was for 35 rain and no counterstain was applied.
